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A  detailed  analysis  by X-ray  photoelectron  spectroscopy  was  carried  out  on  multi-walled  carbon  nan-
otube  (MWCNT)  surfaces  after  non-oxidative  and  oxidative  puriﬁcation  treatments  in  liquid-phase.  The
MWCNT  were  produced  by pyrolysis  of camphor  and  ferrocene,  that  provides  a high  yield  but  with  high
iron  contamination  (∼15%  wt).  The  elimination  and/or  oxidation  of  iron  nanoparticles  were  monitored
by  Fe2p  and  O1s core  level.  Oxygen-based  functional  groups  attachment  was  also  investigated  by  C1s
ﬁtting.  The  effectiveness  of each  treatment  in  iron  removal  was  evaluated  by  thermogravimetric  analysiseywords:
ron puriﬁcation
PS
WCNT
cid treatment
amphor
(TGA)  and  atomic  absorption  spectroscopy  (AAS).  The  integrity  of the  MWCNT  structure  was  veriﬁed  by
Raman  spectroscopy  (RS)  and  transmission  electron  microscopy  (TEM).  A  purity  degree  higher  than  98%
was  achieved  only  with  non-oxidative  treatments  using  soniﬁcation  process.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.errocene
. Introduction
During these last two decades several synthesis methods of
arbon nanotubes (CNT) have been investigated [1–4] and the
reater challenge is obtaining powder with high purity degree
>95%). As-obtained, CNT powder normally is not pure, because
ontains particles of carbonaceous materials (amorphous carbon
articles, fullerenes and nanocrystalline polyaromatic shells) and
etal catalysts (generally compounded by Co, Ni or Fe). Metal
mpurities in carbon nanotubes (CNTs) are undesirable for their
ses in diverse applications, for instance, they may  potentially have
 negative health impact when using in biomedical ﬁelds. However,
o far there is a lack of analysis methods able to quantify metallic
mpurities in CNTs. Therefore, purifying CNT is very important for
pplications that exploit their intrinsic properties.
A large variety of methods, such as physical separation, gas and
iquid-phases oxidation and combinatorial puriﬁcation have been
merged to purify the CNT [5]. Puriﬁcation processes involving
hysical and chemical oxidation of the CNT have been extensively
nvestigated [6–8]. These processes are based on the fact that the
xidation temperature of carbonaceous particles is different from
hat CNT in air or oxygen [3,9]. However, persistent problem, associ-
ted with physical oxidation, is that materials such transition metal
∗ Corresponding author. Tel.: +55 12 3123 2765; fax: +55 12 3123 2852.
E-mail  addresses: eliltonedwards@hotmail.com,  eliltonedwards@feg.unesp.br
E.R. Edwards).
169-4332 ©  2011 Elsevier B.V. 
oi:10.1016/j.apsusc.2011.07.032
Open access under the Elsevier OA license.catalysts that remain encapsulated in the wall structure can affect
performance in many practical applications [3].
Physical separation is only useful for the preparation of small
amounts of puriﬁed coupons. Gas-phase oxidation is not so efﬁ-
cient for the removal of graphitic impurities and catalyst particles
[10–12].
On the other hand, liquid-phase oxidation is effective in
removing both, amorphous carbon and metallic catalyst particles.
Oxidants commonly used in liquid phase are HNO3 and a mixture
of H2SO4:HNO3 [13,14] and KMNO4 [15]. The problem with this
method is that the acid can react with the CNT surface and insert
functional groups, those can cut and open of CNT walls. Thus non-
oxidative acid treatments with HCl have been also employed to
purify CNT [16].
To  understand the changes that result from the puriﬁcation
process, accurate characterization of the CNT’s surface chemistry
and structure is needs. In this paper, an investigation by using
X-ray photoelectron spectroscopy (XPS) has been carried out in
order to evaluate the puriﬁcation of multi-walled carbon nan-
otubes (MWCN) powder produced from a high yield process that
uses camphor (C10H16O) and ferrocene (Fe(C10H10)). Kumar et al.
[17–19] were the ﬁrst researches to describe about the MWCNT
production by camphor and ferrocene with high yield. Musso
et al. [20] also reported the production of millimetric layers of
MWCNT. Our MWCNTs were produced with high Fe concentration
(∼15% wt), as described in [21] and we tested conventional non-
oxidative and oxidative liquid-phase puriﬁcation. The effectiveness
of each treatment in iron removal has been evaluated by ther-
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ogravimetric analysis (TGA) and atomic absorption spectroscopy
AAS). The integrity of the MWCNT structure has been veriﬁed by
aman spectroscopy (RS) and transmission electron microscopy
TEM).
. Experimental
The MWCNTs were obtained from pyrolysis of a mixture of 84%
amphor and 16% ferrocene at 850 ◦C. Firstly, the mixture was evap-
rated at 200 ◦C, and then carried to reaction zone inside quartz
ube inside a furnace by an inert gas (N2) at a ﬂow of 200 sccm.
he proportion of 16% ferrocene provided a high conversion of the
ixture to MWCNT, and the ﬁlm grew at a rate around 15 m/min.
he MWCNTs were produced with external diameters ranging
0–100 nm and length of ∼500 m.
Puriﬁcation  of MWCNT has been done with conventional
cids treatments by non-oxidative and oxidative routes. For non-
xidative puriﬁcation, two conditions were tested: concentrated
Cl (36%) and 5 M HCl. In both cases, the samples have been
oniﬁcated for 5 h. Oxidative process included also two types of
reatment: concentrated HNO3 and a solution of H2SO4:HNO3 (3:1).
he samples were kept at temperatures between 55 and 60 ◦C for
xidative puriﬁcation with HNO3, and at temperatures between
5 and 50 ◦C inside of H3SO4:HNO3 (3:1) solution. In both cases,
he liquid was kept under reﬂux during 5 h. After each treat-
ent, the liquids were kept overnight in their ﬂasks, and then
ere ﬁltered with a Millipore membrane (0.45 m pores) to send
ack the MWCNT powder.The ﬁltered liquid was collected and
he solid was washed with deionized water until neutral pH. The
olid was dried in an oven at a temperature of 100 ◦C for 12 h
nder vacuum to remove eventual moisture. The stored liquid
as analyzed by AAS by using a Gemini equipment, model AA
2/1475 Intralab in order to determine the iron concentration.In
rder to estimate the purity of the CNT after the acid treatments
he TGA analysis was done using a equipment model TGA 6200
II Nano Technology Inc. Thermogravimetric analysis (TGA) is a
echnique of thermal analysis in which the variation of sample
ass is determined as a function of temperature while the sample
s subjected to a controlled increase in temperature. The analy-
es of MWCNT powder were carried out under air ﬂow, which
eans that a thermal oxidation is been investigated and the resid-
al at the end of burning is essentially iron oxide. During this test
f TGA, the variables used were: range of temperature from 25
o 1000 ◦C and heating rate for 10 ◦C/min in synthetic air.Raman
pectra were recorded from 1000 to 3000 cm−1 by using a Ren-
shaw 2000 system equipped with Ar laser (514.5 nm) to check
he integrity of MWCNT powder after each treatment, based in the
elative intensity of D and G bands, (ID/IG) [22].A study based in
PS was performed to evaluate the iron presence and their oxi-
ation state at MWCNT surface. The XPS analysis was carried out
sing a commercial spectrometer (UNI-SPECS UHV). The Mg  K
ine was used (h = 1253.6 eV) and the analyzer pass energy was  set
o 10 eV. The inelastic background of the C1s, O1s, and Fe2p elec-
ron core-level spectra was  subtracted using Shirley’s method. The
inding energies of the spectra were corrected using the hydrocar-
on component ﬁxed at 285.0 eV. The composition of the surface
ayer was determined from the ratio of the relative peak areas
orrected by Scofﬁeld sensitivity factors of the corresponding ele-
ents. The spectra were ﬁtted without placing constraints using
ultiple Voigt proﬁles. The width at half maximum (FWHM) var-
ed between 1.0 and 2.0 eV and the accuracy of the peak positions
as ±0.1 eV.
Transmission Electron Microscopy (TEM) images were also per-
ormed in CNT using a Philips CM 120 microscope, in order to verity
f all iron nanoparticles were really removed from tube inner.Fig. 1. TGA curves of the CNT samples after: (a) non-oxidative treatments with HCl
5 M and HCl concentrate; (b) oxidative treatments with HNO3 and H2SO4:HNO3.
3. Results and discussion
TGA  is a technique of thermal analysis in which the variation
of sample mass is determined as a function of temperature while
the sample is subjected to a controlled increase in temperature.
The analyses of MWCNT powder were carried out under air ﬂow,
which means that a thermal oxidation is been investigated and
the residual at the end of thermal degradation is essentially iron
oxide. Fig. 1 shows TGA curves of the MWCNT samples after: non-
oxidative treatments with 5 M HCl and concentrated HCl (Fig. 1(a)),
and oxidative treatments with HNO3 and H2SO4:HNO3 (Fig. 1(b)).
As-obtained MWCNTs presented an onset degradation tempera-
ture around 360 ◦C and a ﬁnal degradation temperature around
630 ◦C, with high degradation heating at 560 ◦C. The temperature of
thermal oxidation of graphitic structures depends on their order-
ing or presence of impurities. Generally, MWCNT presents peaks
of thermal oxidation ranging 500–700 ◦C [4,23,24]. Amorphous
carbon presents degradation a lower temperatures (<400 ◦C). Ther-
mal  annealing in inert atmosphere or under vacuum can increase
the degradation temperature peak for values higher than 800 ◦C
[19,25].
At the end of these analyses (around 607.4 ◦C), the residual
content was around 14.6%. Hence, as-obtained MWCNTs here stud-
ied have a purity degree of around 85%. For MWCNT treated by
non-oxidative acids (Fig. 1(a)) the temperature peak of thermal
degradation is similar to as-obtained sample, but in this case the
residual content decreased to 7.3% for specimens treated by HCl
5 M,  and reached residual content values lower than 2%, when ana-
lyzed MWCNT specimens treated by concentrated HCl. Therefore,
a MWCNT purity degree can be reach values higher than 98% only
with acidic treatments. As the residual weight measured is iron
oxide, the iron weight is, in fact, lesser than mass detected by the
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 ig. 2. Raman spectra of CNT treated at different acidic conditions in comparison to
s-obtained CNT.
quipment. Analysis by AAS in the residual liquid indicated the
limination of 6.72% and 11.96% of iron with use of 5 M HCl and
ure HCl, respectively.
The  oxidative treatments with H2SO4:HNO3 also promoted iron
limination, as depicted by Fig. 1(b). The percentage of residual
eight registered after thermal degradation was  ∼5%. Moreover,
he onset temperature had a signiﬁcant decrease in this case. It
mplies in a strongly functionalization, and it can suggest even
amages at nanotube walls. The concentrated HNO3 treatment was
ot effective for MWCNT puriﬁcation of iron, although amorphous
arbon has been eliminated, as shown by Raman spectra (Fig. 2).
enerally, liquid phase treatments are not enough to allow reorder-
ng of graphitic structure as thermal annealing. Indeed oxidative
cids can damage the surface of MWCNT with incorporation of
unctional groups, which reduces the initial temperature of degra-
ation [21,26].
The  integrity of MWCNT structures was veriﬁed by Raman
pectroscopy (RS). The RS is very sensitive to variation of struc-
ural disorder in graphitic materials [27,28]. The Raman spectra
f graphite are compounded by four main bands, designed:
 (∼1352 cm−1), G (∼1582 cm−1), D′ (∼1600 cm−1) and G′
∼2700 cm−1), as visualized by Ar laser (514,5 nm)  [22]. The inten-
ity of band D represents the existence of defects and other effects
nduced by any type of carbon [29–32]. Generally, a ratio between
ig. 3. Extended XPS plot with C1s, O1s and Fe2p core levels for all MWCNT treated
ith  non-oxidative and oxidative acids.
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(d)Fig. 4. Deconvolution of XPS Fe2p core level for the specimens: (a) CNT–as obtained;
and  treated by (b) 5 M HCl, (c) HNO3 and (d) H2SO4:HNO3.
the intensities of G and D bands (ID/IG) is used to evaluate the disor-
der degree of graphitic materials. An increase in ID/IG corresponds
to a higher proportion of sp3 carbon that is usually attributed
to the presence of more structural defects [33,34]. G′ band with
high intensity is an indicative of high ordered nanographites,
644 E.R. Edwards et al. / Applied Surface Science 258 (2011) 641– 648
Plasmon  p-p*
   290 .97  eV
O-C=O
289.07  eV
C1sCC sp2
284 .48 eV
   CH
285 .04  eV
   CO
286 .02  eV
  C=O
287.24  eV
CNT - as obtaine d (a1 ) O1s
O-2 (Fe2O3)
   530 .16  eV
-OH,  C=O
  531 .82  eV
   C-O
 533 .30  eV
CNT - as ob taine d (a2)
 
C1s
CC sp2
284 .57 eV
  CH
285.19 eV
   CO
286.00  eV
  C=O
287.38 eV
 O-C=O
288 .88  eV
Plasmon  p-p*
     291 .02 eV
CNT - HCl 5M (b1) O1s
   C-O
 533 .29  eV
-OH,  C=O
  531 .96  eV
O-2 (Fe2O3)
   530.15  eV
CNT - HC l 5M (b2 )
 
C1sCC sp2
284 .56 eV
  CH
285.02  eV
   CO
286 .00 eV
  C=O
287 .35 eV
 O-C=O
288.80  eV
Plasmon p-p*
    29 0.89  eV
CNT- pure HC l (c1) O1s
O-2(Fe2O3)
  530.30  eV
-OH,  C=O
  531.83  eV  C-O
533.08  eV
CNT - pu re HCl (c2)
 
Plasmon  p-p*
  291 .00  eV
  O-C=O
288.87  eV
  C=O
287.29  eV  CO
286.00 eV
 CH
285.16  eV
C1sCC sp2
284.58  eVCNT - HN O3 (d1 )
  C-O
533,01  eV
CNT - HNO3 O1s
O-2(Fe2O3)
     530,25 eV
(d2 )
  -OH,  C=O
    531,74  eV
 
96 29 4 29 2 29 0 288 28 6 28 4 282
Plasmon  p-p*
   290.82  eV
CO
286.00  eV
C=O
287.13 eV
O-C=O
288.69  eV
CH
285.15  eV
CC sp2
284.52  eV
 
Bind ing Energy (eV)
C1sCNT - H2SO4:HNO3 (e1)
536 534 53 2 53 0 528
O-2(Fe2O3)
  530.04  eV
C-O,  Si-O
  533.07  eV
O1s
-OH,  C=O
  531.39  eV
Binding Energy (eV)
CNT -H2SO4:HN O3 (e2 )
Fig. 5. Curve ﬁtting of C1s and O1s core level for: (a) as-obtained CNT; and for samples treated with: (b) 5 M HCl, (c) concentrated HCl, (d) HNO3, and (e) H2SO4:HNO3.
E.R. Edwards et al. / Applied Surface Science 258 (2011) 641– 648 645
Fig. 6. TEM images of: (a) CNT–as-obtained; (b) CNT–HCl 5 M;  (c) CNT–concentrated HCl; (d) CNT–HNO3 and; (e) CNT–H2SO4:HNO3.
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Table  1
Binding energy and atomic percentage of the area on the deconvolution of XPS Fe2p edge of CNT chemically treated under the conditions speciﬁed in the table.
Elem. CNT–as obtained CNT–HCl 5 M CNT–HCl conc. CNT–HNO3 CNT–H2SO4/HNO3
Fe0 707.01 eV 706.68 eV – 706.93 eV –
77.03%  100.00% 13.84%
FeO – – – 709.93 eV 709.39 eV
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22.97%  
ompounded by few graphene sheets or 3D structures with defects
n lattice parameter by curvature effect [35–37].
Fig. 2 shows Raman spectra of the samples as-obtained and
reated with oxidative (HNO3 and H2SO4:HNO3) and non-oxidative
5 M HCl and HCl) treatment. All of them showed a similar
aman behavior. Notice that ID/IG was reduced with non-oxidative
reatments and for HNO3 attack. Besides that, all bands become
arrower, which emphasizes the total corrosion of any amorphous
arbon. Another fact is about the intensity of G′ band, which became
igher than G. On another hand, the spectrum of MWCNT powder
fter H2SO4:HNO3 treatment clearly showed a decrease in G′ band
ntensity and a signiﬁcant broadening of all other bands. These facts
an indicate an efﬁcient attachment of oxygen-based functional
roups in MWCNT surfaces [38].
The surface of MWCNTs was analyzed by XPS. Fig. 3 shows the
xtended XPS plot with peaks characteristic of carbon, oxygen and
ron. Notice that the spectrum has a similar proportion of elements,
xcept the sample treated by H2SO4:HNO3, where the oxygen level
as strongly increased.
The  iron particles inside MWCNT produced by pyrolysis are
ssentially compounded by cementite and metallic iron (Fe0) in
amma  or alpha iron structure [39–41]. However, the high reso-
ution spectra at Fe2p were ﬁtted with one component referent to
etallic iron (Fe0: ∼707 eV), and other two components referent to
xidized iron species (FeO: ∼710 eV and Fe2O3: ∼711 eV) [42,43].
s the binding energy for Fe3C is around 708 eV [44], the oxides
an be convoluted with them. Commonly, the particles adhered on
xternal surfaces appear in the oxidized form due to the air contact.
Fig. 4 shows the Fe2p curve ﬁtting for as-obtained CNT (Fig. 4(a))
amples treated with 5 M HCl (Fig. 4(b)), HNO3 (Fig. 4(c)), and
2SO4:HNO3 (Fig. 4(d)) and their components are summarized in
able 1. As-obtained MWCNT powder showed basically Fe0 and
e2O3 on its surface. An effective elimination of Fe2O from exter-
al walls occurred by using treatments with 5 M HCl, but Fe0 was
ept inside tube. The treatment with HNO3 (Fig. 4(c)) oxidized par-
ially the Fe0 to FeO and Fe2O3. The H2SO4:HNO3 solution is more
ggressive, and it could penetrate the nanotubes walls, and conse-
uently, can oxide all amount of Fe0 to FeO and Fe2O3. MWCNTs
reated with concentrated HCl exhibited no iron signal on their sur-
ace, demonstrating that residual iron was below detection limit of
PS equipment that is 0.1%.
Fig.  5 shows the curve ﬁtting of C1s and O1s core levels
45–47] for as-obtained CNT (Fig. 5(a)) and samples treated with
 M HCl, concentrated HCl, HNO3, and H2SO4:HNO3 (Fig. 5(b)–(e),
espectively). The C1s edge was deconvoluted in 6 components:
–C (∼284.57 eV), C–H (∼285.19 eV), C–O (∼286.00 eV), C O
∼287.38 eV), O–C O (∼288.88 eV) and plasmon p–p*(∼291.02 eV).
he proportion among these components was the same in all
reatments, excluding H2SO4:HNO3. The oxidative treatment with
2SO4:HNO3 increased the carboxylic group, due to the insertion
f oxygen on nanotube surface [48,49]. The curve at O1s core level
as ﬁtted with three components, referent to C–O (∼533.30 eV),
OH/C O (∼531.82 eV) and O2− (Fe2O3) (∼530.16 eV). For non-
xidative treatments (Fig. 5(b) and (c)), the O2− component was
educed, due at elimination of iron oxides. For oxidative treatments,
he proportion of OH and C O bonds increased, due to carboxylic48.77% 43.44%
– 711.63 eV 711.18 eV
37.39% 56.56%
groups  presence. Although the proportion of the O2− component
seems lower in Fig. 5(d) than in the other graphs because of mag-
niﬁcation for better visualization, it is important reminding that
oxygen proportion is higher in extended spectra (Fig. 3).
Fig.  6 shows TEM images of untreated and treated MWCNT pow-
der. In Fig. 6(a1) and (a2) are shown images from as-obtained
MWCNTs. In this ﬁgure, the presence of iron particles inside of
tube in form of small spheres can also be observed. From Fig. 6(b1)
and (b2), it was observed that diluted HCl can clean tube outer,
removing carbonaceous impurities and the Fe2O3 particles but Fe0
elimination is not effective. In this case, the Fe0 particles seem to
be subdivided into smaller clusters that spread by the tube walls.
Fig. 6(c1) and (c2) shows the cleanness of both external and inter-
nal parts of MWCNT with Fe0 removal when concentrated HCl was
used. Fig. 6(d1) and (d2) depicted that HNO3 did not extract the
iron particles, only oxide them. The HNO3 treatment did not affect
the nanotubes walls, as shown in Fig. 6(d2). In Fig. 6(e1) and (e2)
can be observed that H2SO4:HNO3 cleaned the tube inner, though
defects have been created on the MWCNT surfaces.
Although the process of iron elimination from tube inner by non-
oxidative acids has proved efﬁcacy, the mechanism how occurs
almost never is discussed. The iron dissolution by acids is a surface
phenomenon, because physic contact of acid with metal particle is
needed to dissolve them. This way, it is comprehensive that oxida-
tive treatments can remove iron from the tube inner, because they
destroy the nanotube wall exposing the iron nanoparticle that are
oxided to FeO or Fe2O3, as evidenced by Figs. 4(d) and 5(e). How-
ever, the more effective treatments for iron elimination without
damage the tube walls are non-oxidatives process. Some authors
mentioned that the liquid can permeate the tube inner by opens
or cuts at tubes length [50,51] Another hypothesis is that ions (Cl−,
Fe2+, Fe3+) could permeate the tube walls by cavitation [52] when in
ultrasound bath, and iron dissolution would happen in tube inner.
An evidence that the metal dissolution occurs inside of tubes is veri-
ﬁed in Fig. 6(b1), where TEM image of samples treated with 5 M HCl
showed division of iron particles in minor clusters. For diluted HCl,
maybe are needed more time of treatment or a higher ultrasound
power for an effective ion release.
The ion releasing is a phenomenon highly studied for verifying
metal bioavailability in a mildly acidic conditions, where typical
lysosomal (pH 5.5) and extracellular (pH 7.0) are simulated. These
studies showed that metal encapsulated by graphitic layer can
release ions. The bioavailability investigation is carried out with
long term tests until the stabilization of metal releasing (7 days to
months) [53–55].
The  fact of the MWCNT produced by pyrolysis not to have
a highly ordered crystalline structure can be responsible by the
success of non-oxidative process as well. Defects in crystalline
structure could facilitate the ions permeation by the cavitation.
4.  ConclusionMWCNT produced from camphor and ferrocene mixtures with
∼15% of iron in their composition were successful puriﬁed by
conventional liquid phase techniques at a purity degree upper to
98%.
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